Abstract-In this paper, the feasibility of Substrate Integrated Waveguide (SIW) couplers, fabricated using single-layer TACONIC RF-35 dielectric substrate is investigated. The couplers have been produced employing a standard PCB process. The choice of the TACONIC RF-35 substrate as alternative to other conventional materials is motivated by its lower cost and high dielectric constant, allowing the reduction of the device size. The coupler requirements are 90-degree phase shift between the output and the coupled ports and frequency bandwidth from about 10.5 GHz to 12.5 GHz. The design and optimization of the couplers have been performed by using the software CST Microwave Studio c . Eight different coupler configurations have been designed and compared. The better three couplers have been fabricated and characterized. The proposed SIW directional couplers could be integrated within more complex planar circuits or utilized as stand-alone devices, because of their compact size. They exhibit good performance and could be employed in communication applications as broadcast signal distribution and as key elements for the construction of other microwave devices and systems.
INTRODUCTION
In recent years several Substrate Integrated Waveguide (SIW) devices such as antennas [1] [2] [3] , filters, SIW-microstrip transitions [1, [4] [5] [6] and couplers [3, 4, 7, 8] have been reported in literature. SIW technology is a good technique for designing and fabricating microwave and millimeter-wave devices and circuits [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
There is an evident similarity between the electromagnetic field distribution in a SIW and that occurring in conventional rectangular waveguides [10] . Therefore, microwave components designed in SIW technology offer very interesting performance. Fast prototyping and precise manufacturing, typical of standard printed circuit board (PCB) process, such as the use of single-layer dielectric substrate with metallic vias allow well known advantages, as rectangular-like wave guiding properties, compact size and high integration in complex planar circuits [11] .
Many papers [8, 12, 13, [19] [20] [21] [22] [23] [24] report couplers made using substrates with dielectric constants from ε r = 2.08 to ε r = 2.94 (e.g., Duroid) and exhibiting excellent characteristics. For example, in [8] Duroid single-layer planar directional couplers based on substrate integrated waveguide (SIW) technology have been presented. Prototypes of 3 dB, 6 dB and 10 dB SIW directional couplers have been totally realized in single-layer dielectric substrate with metallic vias, and fabricated using a standard PCB process. The SIW couplers have shown good performances with broad operation bandwidth, low insertion loss, low return loss and high isolation. In [19] a half mode substrate integrated waveguide (HMSIW) 3 dB coupler has been proposed. The HMSIW Duroid coupler has exhibited better characteristics than those obtained by using conventional SIW technique, i.e., lower insertion loss, larger bandwidth, higher compactness (nearly half of size). Moreover, it has exhibited S 11 parameter below −15 dB in the frequency range from 9 GHz to 11 GHz and a phase difference between the coupled and the output ports of 92.5 • ± 2.5 • . In [24] two double layer SIW-based couplers have been proposed: a longitudinalslots-based broad wall SIW coupler and its corresponding half mode SIW coupler. Coupling has been obtained through a set of narrow and offset slots, providing a wide coupling dynamic range. Isolation and input reflection characteristics better than 15 dB and 13 dB, respectively, were demonstrated over 24% fractional bandwidth at 12.5 GHz.
This paper reports the design and characterization of couplers using a low cost substrate material having dielectric constant (ε r = 3.5). Moreover, a bandwidth of about 2 GHz, from about 10.5 GHz to 12.5 GHz (satellite and communication applications), and 90-degree phase shift between the output and coupled ports are required. Eight different directional couplers are designed by coupling two SIWs through an aperture in the common wall. The selection of TACONIC RF-35 as substrate material, allows a good trade-off between low cost and good performance. The coupler geometries (shapes), the size and the spacing of the vias have been varied and after an high number of simulations the optimized parameters have been identified. The better three optimized couplers have been fabricated and characterized. The design has been performed by employing the CST Microwave Studio c software, and the SIW couplers have been fabricated with a single-layer PCB process in SOMACIS plant.
The work is an extensive investigation on the feasibility of low cost TACONIC RF-35 couplers, in the X-band.
The paper is organized as follows in Section 2 a recall of the basic theory, in Section 3 the design of eight different couplers, in Section 4 fabrication an characterization of three promising devices.
FUNDAMENTALS OF THEORY
A well-known implementation of four ports directional couplers is obtained by electromagnetic coupling of two waveguides having a common wall, via a suitable aperture [15] . The coupling coefficient C is given by:
The propagation modes of a SIW strongly resemble to TE n0 modes of the rectangular waveguide. In particular, the fundamental mode is similar to the TE 10 . TM modes cannot exist in the SIW because the gaps between metal vias do not allow longitudinal surface current. Moreover, the gaps cause a strong radiation, preventing the propagation of TM modes [14, 15] . Other important factors to be taken into account in the design of SIW structures are the size and the bandwidth. The cutoff frequency f c of a SIW can be determined via an empirical formulas [8, 14] :
where c is the light speed in vacuum, ε r the dielectric permittivity of substrate, d via the diameter of metal vias, W SIW the transverse via-to-via spacing, and s vias the longitudinal via-to via spacing. The expression in parenthesis is the width of an equivalent rectangular waveguide [9] . This empirical formula is very accurate when:
There are three loss mechanisms in SIW structures [17] : conductor losses, due to the finite conductivity of the metal walls, dielectric material losses radiation and scattering losses due to the metal vias.
Negligible radiation losses occur when metal vias are large enough and closely spaced. In this case, the SIW electromagnetic modes tend to be almost completely bounded, as in a classical rectangular waveguide. In particular, in the design the following condition has been considered:
In this way, the attenuation constant due to radiation loss is smaller than 1 dB/m [15] . A transition from microstrip waveguide to SIW is designed by matching the input impedance between SIW and the 50 Ω input microstrip impedance.
According to the design process mentioned in [14] , H-plane geometric variation of side wall are employed to achieve impedance matching. The aperture in the common wall determines the bandwidth performance of the coupler. However, it is possible to improve the bandwidth by increasing the aperture size. This approach is qualitative and it is simply derived as an approximated extension of the theory applied to the conventional (not SIW) channel waveguides coupled by apertures. It is introduced to justify the design strategy followed in the numerical simulations illustrated in Section 3. A tradeoff between good bandwidth (about 2 GHz) a small size (a few centimeters) is a design goal. Moreover, a further SIW coupler requirement is a phase difference of 90-degree between the S 12 and S 13 scattering parameters over the whole bandwidth.
DESIGN
For all the eight designed SIW couplers the substrate material is TACONIC RF-35, with relative dielectric permittivity ε r = 3.5. Two different thicknesses h 1 = 1.52 mm and h 2 = 0.5 mm have been considered. Layers having these thicknesses are available on market.
The metallic vias of the side wall have diameter d via , offset via distance from the the side wall is d lvia , and center to center space S via . The metallic vias of SIW coupler common central wall have diameter c via and center to center distance S cvia . The aperture in the common SIW walls has width W a . This aperture width as well as the central metallic vias are used to control the coupling between input and coupled ports ( Figure 1 ).
The SIW couplers are designed by employing an high number metallic vias (in the range from N = 74 to N = 152) in the dielectric substrate. More precisely, by fixing for each coupler the same More precisely, in the design the starting geometry of coupler, i.e., the shape but not the sizes, was inspired by literature with reference to couplers optimized for other materials [8, 12, 18] since TACONIC RF-35 is less used for this kind of devices. After a rough choice of the SIW geometrical parameters, made by employing the equivalent rectangular waveguide model reported in the theory, the geometric parameters of each SIW directional coupler has been optimized via the full-wave electromagnetic solver CST Microwave Studio c . In particular, by exploiting Eq. (2), the SIW width of about W siw = 10 mm for the chosen cutoff frequency f c = 9 GHz has been calculated; f c has been identified below the operation bandwidth, i.e., 10.5 GHz-12.5 GHz. The choice of d via and s via has been performed according to Eq. (3) and Eq. (4). Therefore, the sizes of the coupled TACONIC RF-35 waveguides have been approximately identified. By considering a qualitative aspect ratio x/y by literature [8] the coupler length of about y = 19 mm has been considered; then the CST numerical optimization has been necessary because of the coupler complex geometries and since the coupled waveguides are not exactly rectangular ones, but differently shaped (Eq. (2) cannot be rigorously applied). The approach in the design has been the following one: i) to consider the state of the art of the geometries optimized for other materials, reported in literature; ii) adapt the geometries inspired by literature to the low cost TACONIC RF-35 layers, having available on market thicknesses h 1 = 0.5 mm and h 2 = 1.52 mm; iii) modify the wall shapes in order to enhance the coupling coefficient C, by guiding the electromagnetic field in the coupled waveguides; iv) provide a good isolation between port 1 and 4, less than about −15 dB; v) maintain the geometrical symmetry of the couplers; vi) provide the coupler operation in the desired bandwidth. The metalized via holes outside the SIW, close to the feeding microstrips, constitute a further optimization of the coupler design. They have been designed in order to reduce the leak of electromagnetic field due to the SIW to microstrip transition, by enhancing the electromagnetic bounding. Their effect on the electromagnetic field bounding is quite similar for all the eight investigated couplers 1#-8#. For shortness it will be shown in detail only for the coupler 8#. The coupler geometric variations, investigated or employed in the design, are briefly summarized before their extensive description. Starting from the simplest geometry of coupler #1, Figure 2 an electromagnetic field perturbation affecting the impedance matching, the coupling strength and the bandwidth operation. Table 1 reports the optimal coupler parameters. The simulations highlight that when the coupling between the input port (1) and coupled port (3) becomes weak, both the moduli of S 11 and S 41 scattering parameters increase. To overcome this drawbacks, many guess solutions have been investigated, being inspired to the literature couplers made of other materials [8] [9] [10] [11] [12] 18] . Parametric variation of substrate (coupler) width x, substrate (coupler) length y, microstrip-to-SIW transition length L t , microstrip-to-SIW transition width W t , aperture width w a , SIW width W SIW , vias diameter c via and d via , via-to-via space s cvia , s via , and d lvia (e.g., see Figure 1 ) have been performed via a number of simulations, with the aim of optimizing the coupler performance. Table 1 reports the optimized parameters in order to obtain couplers with a bandwidth of nearly 2 GHz, from about 10.5 GHz to 12.5 GHz, and 90-degree phase shift between the output and coupled ports are required. It is worthwhile to note that the simulated curves, reported in the following figures, refer to the optimized parameters of Table 1 . Figure 2 (a) illustrates the front section view of the first designed coupler #1. It is geometrically similar to the SIW coupler reported in [8] , fabricated on Duroid substrate. The optimized geometry parameters are reported in column #1 of Table 1 . Figure 2(b) illustrates the simulated coupler scattering parameters S ij for coupler #1. For the optimized coupler #1, S 11 parameter is below −18 dB in the range from about 11.3 GHz to 12.6 GHz, S 21 and S 31 moduli are almost constant being close to −2.5 dB and −4 dB, from about 10.5 GHz to 12 GHz, respectively.
Reflections due to the common wall discontinuities at the ends of the coupling region, i.e., at the aperture ends, worsen the coupler characteristics. To overcome this drawback, couplers making use of continuous coupling between adjacent waveguides through a common full-height slot in the narrow wall have been proposed in [18, 23] .
H-plane steps are employed to achieve impedance matching. The number of steps determines the bandwidth performance of the coupler [12, 18, 23] . In Figure 3(a) , the coupler #2 is illustrated. It is obtained by adding rows of vias parallel to the coupler longitudinal axis close to the side walls.
The optimized geometry parameters are reported in column #2 of Table 1 . The simulated scattering parameters for coupler #2 are illustrated in Figure 3(b) . Differently from the results reported in literature for Duroid substrate (or other substrates having the same dielectric constant) [12, 23] , the geometry of #2, when optimized for TACONIC RF-35, (or other substrates having the same dielectric constant) does not provide good performances. In fact, S 11 modulus is higher than −10 dB for frequencies below 11 GHz and S 31 modulus is lower than −5 dB from 10 GHz to 12.4 GHz.
Similar results (Figure 4(b) ) are obtained by optimizing the geometry of coupler #3 (Figure 4(a) ). It is worthwhile to note that the geometries quite similar to the coupler #3 one, optimized for Duroid substrate, allow very good performance in both Ku and K bands [8, 12, 18, 23] .
When the coupling between port 1 (input port) and port 3 (coupled port) becomes weak, the return loss and isolation response worsen. As a consequence, the design of a weak-coupling coupler using the configuration of couplers #1-#3 [8] is not trivial. To overcome this drawback, an extra central metallic via has been added, as for Duroid coupler in order to decrease the modulus of S 11 , as proposed in [8] . Figure 5 (a) illustrates the designed geometry for coupler #4. Also in this case, the coupler optimized with TACONIC RF-35 substrate material exhibits lower performances than those reported in literature for Duroid. In fact, in Figure 5 (b), S 11 modulus is higher than −10 dB below 11 GHz and it is lower than −14 dB for frequencies higher than 11.3 GHz, while the S 11 parameters of the optimized Duroid coupler reported in [8] is lower than −20 dB.
The most promising coupler among those investigated is #1. The coupler #5, is obtained by refining of the same layout of #1 for a substrate thickness h = 1.52 mm. It is illustrated in Figure 6(a) . The S 11 parameter shows good performance, it is lower than −18 dB from about 10.4 GHz to 12.7 GHz, therefore over the whole frequency range of satellite communication. S 31 and S 21 moduli are close to −2 dB and to −4.5 dB, respectively ( Figure 6(b) ). The simulation indicates that coupler #5 has better performances than those of coupler #1.
Therefore, the optimization of other couplers #6-#8, by considering h = 1.52 mm has been performed. Coupler #6 is illustrated in Figure 7 (a). It shows higher performance than coupler #5, the modulus of S 21 and S 31 scattering parameters are close to −2.5 dB and to −3.5 dB, respectively, over the whole frequency range (Figure 7(b) ), S 11 modulus is lower than −18 dB for frequencies higher than 10.2 GHz and, in particular, lower than −20 dB from 10.2 GHz to 11.6 GHz.
To mitigate the deleterious effect of sharp step change, a concave part of the side wall vias is designed with a smoother profile [14] . Better scattering parameters values have been obtained through a parametric analysis in which the parameter d via , i.e., the distance of the inductive vias from the straight lateral wall of the coupler, has been varied leading to a suitably curved wall profile.
Coupler #7 is illustrated in Figure 8 (a). The scattering parameters of coupler #7, after the parametric optimization, are shown in Figure 8(b) . Good coupling performances are obtained. S 11 and S 31 moduli are slightly worse than those of coupler #6. In fact they are close to −2.5 dB and to −4.5 dB respectively. S 11 modulus is lower than −15 dB for frequency higher than 10.6 GHz, in particular lower than −19 dB from about 10.6 GHz to 12 GHz.
Coupler #8 layout, shown in Figure 9 (a), is not reported in literature. All the via walls are very smooth. In fact, both the via side walls and inductive posts (vias) of common central wall, have been obtained by optimizing the parameters d via and W siw . The scattering parameters are shown in Figure 9 (b). S 31 is slightly lower than that of coupler #6, being close to −4.5 dB, S 21 is close to −2 dB. S 11 modulus is lower than −18 dB, in the range frequency from 10.2 GHz to 11.7 GHz while it is lower than −15 dB until 12.5 GHz. Suitable metalized holes surrounding the microstrip transitions have been reported in literature [8, 12, 14] , they have been designed for the proposed couplers. As an example, their effect is well evidenced for coupler #8. More precisely, Figure 10 illustrates the distribution of the electric field amplitude, at the plane z = 0, for coupler #8 with (a) and (b) without metalized holes surrounding the microstrip transitions. In Figure 10 (b) the electric field leakage near the microstrip transition is larger than in (a), where the via walls contribute to better bound the electric field distribution. Table 2 reports the simulated couplers #1-#8 performances, where C is the coupling coefficient mean value, f c is central frequency, S 41 modulus is evaluated in the range from 10.5 GHz to 12.5 GHz. They have been obtained via the full-wave electromagnetic solver, CST Microwave Studio c . Table 2 . Simulated performance of couplers.
6.48 0. 
COUPLER FABRICATION AND CHARACTERIZATION
Couplers 6#-8# have been fabricated by using a standard single-layer PCB process in SOMACIS. They are illustrated in Figure 11 . The corresponding measured scattering S 11 , S 12 , S 13 parameters, utilizing a network analyzer Agilent N5224A, are illustrated in Figure 12 . A good agreement with the simulations results was obtained. In fact, in all the three cases the couplers well operate in the desired frequency range.
Coupler #6 S measured parameters are illustrated in Figure 12 (a). The modulus of S 21 and S 31 scattering parameters are close to −4 dB and to −5 dB, respectively, over the whole frequency range; S 11 modulus is below −18 dB from 10.2 GHz to 11.6 GHz and it is lower than −17 dB for higher frequencies.
Coupler #7 S measured parameters are shown in Figure 12 (b). The modulus of S 21 and S 31 scattering parameters are close to −3.5 dB and to −5 dB, respectively, over the whole frequency range; S 11 modulus is below −17 dB from 10.7 GHz to 11.9 GHz and lower than −16 dB for higher frequencies. Coupler #8 S measured parameters are depicted in Figure 12 (c). The modulus of S 21 and S 31 scattering parameters are close to −3.5 dB and to −5.5 dB, respectively, until 12.6 GHz, S 11 modulus is below −16 dB from 10.5 GHz to 12.3 GHz and it slightly increases for higher frequencies. Is worthwhile noting that, for all the three fabricated couplers, in the bandwidth from 10.5 GHz to 12.5 GHz, the S 11 modulus is lower than −15 dB. The differences between the magnitude of the S 12 and S 13 are not negligible ones. However, S 12 and S 13 moduli are typical values, reported in literature for SIW couplers designed as 3 dB power dividers [8, 13, 14, 19, 25] . Table 3 reports the measured performance of couplers #6-#8, where C is the coupling coefficient mean value, f c is central frequency, S 41 modulus is evaluated in the range from 10.5 GHz to 12.5 GHz. Figure 13 illustrates the simulated and measured S 14 parameters versus the frequency. The discrepancy among the simulated and the measured curves could be due to the employment of two small flexible 2.4 cables and two adapters (required in the measurement because of the reduced distance between the ports 1 and 4) which have been compensated in the measurement calibration via a software procedure. Anyway, it is worthwhile noting that in all the cases both measured and simulated curves are below about −15 dB in the range from 10.5 GHz to 12.5 GHz. Therefore, in all the three cases the measured S 14 curves versus the frequency show a good coupler isolation between ports 1 and 4. Figure 14 illustrates the distribution of the surface current density at z = 0 metallic plane, at the frequency 11.5 GHz, for (a) coupler #6; (b) coupler #7; (c) coupler #8. The operation of the couplers is apparent. The current distribution is more homogeneous for coupler #6 and coupler #8. Figure 15 illustrates the voltage standing wave ratio (VSWR), calculated with respect to an impedance of 50 Ω, at the input port 1, versus the frequency. As expected, it is quite low, being below 1.5 and higher than the unit, in the range from 10.5 GHz to 12.5 GHz. This confirms the good impedance matching over the operation band. For symmetry, for each coupler #6; #7; #8, the other ports have the same behavior. The phase difference between S 31 and S 21 parameters, simulated and measured, are illustrated in Figure 16 , for couplers #6-#7-#8. In all the three cases the abovementioned phase difference is close to 90 • . Fabrication tolerances or simulation approximations, producing slight systematic phase errors on S 12 and S 13 separately (i.e., errors resulting from the measurement procedure or from the employed numerical methods), are compensated by the phase difference calculation (phase of S 12 -S 13 ).
CONCLUSION
An extensive investigation on the feasibility of low cost TACONIC RF-35 couplers, in the X-band, has been performed. Three Substrate Integrated Waveguide (SIW) couplers, made of single-layer TACONIC RF-35 dielectric substrate have been fabricated by using a standard PCB process. The optimized couplers exhibit intriguing performances, comparable with those of SIW couplers made of higher cost substrates. As example, coupler #8 exhibits a phase difference of 90-degree, and coupling coefficient mean value C = 10.2 while the optimized coupler #7 exhibits a phase difference of 90-degree, and coupling coefficient mean value C = 10.1, both couplers exhibit a bandwidth of about 2 GHz in the wavelength range of satellite communication. The proposed couplers are promising candidates as low cost devices for microwave circuits. Potential market regards space, digital and broadcast satellite application.
